Extracorporeal membrane oxygenation (ECMO) and extracorporeal life support are increasingly used for treating various forms of shock, lung failure, protected interventions and life support including resuscitation. Most patients on ECMO are affected by a systemic inflammatory response caused by the underlying disease as well as the ECMO support itself, which contributes to vasoplegia, multi-organ failure, deterioration and death. Unfortunately, effective strategies for control of inflammation and related organ failure and shock on ECMO are lacking. Recently, a new polystyrene-based device for hemoadsorption, which aims to reduce excessive levels of inflammatory molecules such as interleukins, cytokines as well as damage-and pathogen-associated molecular patterns, has become available. Here we summarize the rationale, available data and technical aspects of polystyrene-based hemoadsorption during ECMO support, and give recommendations based on existing experience.
Background
The use of extracorporeal membrane oxygenation (ECMO) for mechanical support during severe acute heart failure, lung failure and shock has increased considerably in the last decade [1] . This increase has been en-abled by profound technical advances, the recent rise of extracorporeal cardiopulmonary resuscitation (ECPR), and the downgrading of the use of intra-aortic balloon pumps in current guidelines [2] . Today ECMO is used in many previously lethal acute conditions [3] [4] [5] , and thus morbidity in ECMO patients is very high. Furthermore, ECMO has successfully been used in planned complex procedures such as ultraprotective single-lung ventilation during surgery, or after bilateral lung transplantation [6] [7] [8] [9] . Recently, the introduction of a third cannula into standard ECMO circuits has further expanded the options for mechanical support [5, 10] . However, although ECMO is increasingly used and many major advances in mechanical circulatory support and critical care medicine have been made, morbidity and mortality rates of patients on ECMO still remain unacceptably high.
Conditions potentially requiring ECMO support, such as acute respiratory distress syndrome (ARDS), cardiogenic shock, cardiac arrest, hypothermia and trauma are very heterogenous in nature. Nonetheless, a central common pathogenetic mechanism of clinical deterioration in all of these critical disease states is hyperinflammation [11, 12] . Although the degree of inflammation differs between conditions, its presence is associated with shared common phenotypes such as vasoplegia, shock and end organ dysfunction. Importantly, this systemic inflammatory response, which occurs to various levels in most patients on ECMO support, is commonly not driven by infection, but is a response to tissue injury associated with the underlying condition. Moreover, the ECMO support itself can induce [13] and maintain an inflammatory response through various mechanisms (Table 1) . This response is mainly caused by exposure of blood cells and molecules to the artificial surfaces of tubings, rotor and oxygenator of the ECMO circuit [14] but may also be caused by the release of preformed cytokines from mast cells [15] . The former is especially relevant in children, as the extracorporeal blood volume exposed to foreign surfaces often exceeds the total blood volume of the pediatric patient [16] . Common therapeutic approaches to shock and vasoplegia such as fluid resuscitation and vasopressor administration do not reduce but often further aggravate tissue hypoxia as well as systemic inflammation, and are associated with increased mortality [17] [18] [19] . For that reason, US guidelines recommend considering mechanical circulatory support rather than high-dose catecholamine administration [20] .
Taken together, the clinical need for interventions targeting inflammation is obvious. Unfortunately, all strategies that aim to control the systemic inflammatory response by direct or indirect means such as steroids [21] , plasma exchange [22] , toll like receptor antagonists [23] , nitric oxide-synthase inhibitors [24] or scavenger haemoglobin derivates [25] have shown conflicting results or failed, or were too specific for widespread use [26] . In this context, extracorporeal hemoadsorption has emerged as a promising novel therapeutic principle. In general, the term hemoadsorption describes extracorporeal adsorption of substances from the blood being pumped through an adsorption device. Several adsorption mechanisms exist, such as adsorption to polymeric beads, as well as adsorption using antibodies or molecules specifically binding to target substances. In this, hemoadsorption is essentially different from all other blood purification procedures such as dialysis or filtration. Several hemoadsorption devices have been developed, some of which are approved for clinical use.
Here we give an overview on hemoadsorption for use in ECMO-supported patients, with a special focus on the novel polystyrene-based CytoSorb ® adsorption device, which in many aspects differs from other hemoadsorption devices. We summarize technical aspects and potential indications of CytoSorb ® use in patients on ECMO support and give recommendations from experienced users of this novel therapeutic intervention.
Methods of Hemoadsorption
At present, several devices using different mechanisms for hemoadsorption of inflammatory mediators have been developed and are currently being investigated. Three of those devices are designed to adsorb endotoxin by immobilized Polymyxin B (Toraymyxin ® ), polyarginine (Alteco ® ), or albumin (Matisse ® ). Of note, the majority of acute conditions requiring ECMO are not driven by endotoxin, and lipopolysaccharide removal is only meaningful in gram-negative sepsis, since endotoxin does not play a role during the initial phase of grampositive infections. Therefore, these devices do not appear to be meaningful in most patients on ECMO support.
Another approach (Coupled Plasma Filtration Adsorption, Lynda ® /Amplia ® ) combines nonspecific adsorption of cytokines and other inflammatory mediators by a resin cartridge (Bellco, Mirandola, Italy) with hemofiltration, notably without adsorbing endotoxin. Although initial results were promising, the prospective COMbining Plasmafiltration and Adsorption Clinical Trial 2 was prematurely stopped because of higher mortality in the treatment arm, which resulted in a device recall [27] .
The OXiris ® device (Baxter, Vienna, Austria) uses a special membrane (acrylonitrile and sodium methallyl sulfonate copolymer with polyethyleneimine and heparin), and adsorbs a broad spectrum of inflammatory mediators including endotoxin and cytokines. While initial experiences showed a non-significant trend towards reduced vasopressor doses and SOFA scores [28, 29] , clinical experience with OXiris remains limited compared to other devices. PentraSorb ® (Pentracor, Hennigsdorf, Germany) is an adsorption device that received a CE mark in 2014. It is filled with agarose beads, which are coated with phosphocholine with the intention of absorbing C-reactive protein [30] . In animal studies, PentraSorb lowers C-reactive protein levels, but in humans the device has not yet been used to a relevant extent outside of clinical trials. Several studies in conditions such as acute myocardial infarction, stroke, inflammatory bowel disease and post-surgery inflammatory response syndrome are currently ongoing. However, none of these studies are completed yet.
CytoSorb

®
CytoSorb ® (Cytosorbents Inc., Monmouth Junction, NJ, USA) is a CE-certified medical device [31] approved in Europe for use in clinical conditions with elevated blood levels of inflammatory mediators [32] . Very recently, CytoSorb ® was further approved for use in hyperbilirubinemia and myoglobinemia [32] . The adsorber (Fig. 1a) consists of a 300 mL cartridge pre-filled with a sterile isotonic sodium chloride solution and highly biocompatible porous polymer beads with a mean diameter of 450 µm each. The resulting active adsorption surface area is extremely large (> 45,000 m 2 per adsorber) [33] . This enables a highly effective capture of molecules, which are irreversibly bound to the beads by physicochemical interactions, and thus removed from the blood stream. The blood volume inside the adsorber is about 150 mL. The adsorber is approved for blood flow rates between 100 and 700 mL/min, while a blood flow of at least 150 mL/min is recommended [32] . the CytoSorb ® adsorber before (Fig. 1a) , during ( Fig. 1b ) and after (Fig. 1c, d ) use.
Binding to the beads is non-specific and includes water-insoluble molecules of small and medium weight (up to around 55 kDa), a size range which covers most proinflammatory mediators. CytoSorb ® adsorbs a broad spectrum of substances and mediators [34] from the blood stream (adsorption spectrum B1042R03EN2017, CytoSorbents Inc.), including pro-and anti-inflammatory mediators as well as pathogen-and damage-associated molecular patterns (PAMPs, DAMPs), myoglobin, bile acids and bilirubin [35] . Water-soluble molecules typically pass through the device without being adsorbed. Removal of substances is concentration-dependent: while high plasma levels of molecules are effectively reduced, low plasma levels are reduced to a much lesser extent [36] [37] [38] . This intrinsic "autoregulation" makes the complete removal of substances in vivo unlikely. The device also adsorbs several drugs [34, 39, 40] , and in vivo data on drug adsorption is still limited. However, the available data on tested drugs indicates that levels do not fall below the therapeutic range [40, 41] . In addition, with the experience worldwide of more than 50,000 applications of the device to date, there is at least no signal that drug removal by CytoSorb ® therapy translates into adverse events.
In turn, many reports show effective application of CytoSorb ® in intoxication, that is, extraordinarily high substance levels, for example, with ticagrelor, amitriptyline, diazepam, digoxin, quetiapine, rivaroxaban and venlafaxine [5, [41] [42] [43] [44] [45] . Most importantly, coagulation factors and albumin were not removed by the adsorber to a relevant extent [46, 47] . Thus, effects on coagulation are rather secondary effects, for example, due to the control of the inflammatory response, or the underlying disease.
From a pathophysiological point of view, the adsorption spectrum of CytoSorb ® , including PAMPs, DAMPs, inflammatory mediators, myoglobin and bilirubin makes the adsorber very attractive in many patients on ECMO support. This, and the ease of use in ECMO circuits, has already resulted in high frequency use in many centres. Therefore, we focus here on the CytoSorb ® adsorption device in patients on ECMO support.
As of October 2018, more than 50,000 adsorbers have been used worldwide [48] . A rapidly growing number [49] of published cases and case series (Table 2) as well as communications at national and international conferences and user meetings suggest promising efficacy and safety of hemoadsorption with CytoSorb ® . Nonetheless, many observed effects still await confirmation in controlled clinical studies, which are currently in progress. Therefore, at the moment, international guidelines do not recommend hemoadsorption with CytoSorb ® . The available evidence for CytoSorb ® in patients without ECMO is described elsewhere [50] . In addition to ongoing randomized studies, the international CytoSorb ® registry [51] is a milestone for generating real-world evidence across very different indications.
Beneficial effects of hemoadsorption in patients on ECMO support include improvements in hemodynamics, reduction in catecholamine demand, decreased capillary leakage, and stabilization of metabolic parameters [52] . Typical examples are as outlined: A 39-year-old patient with pre-existing heart failure developed ARDS and mixed cardiogenic-septic shock. After veno-arterial ECMO (VA-ECMO) implantation and continuous renal replacement therapy (CRRT), emergent left ventricular assist device surgery was performed in this still very unstable patient. Hemoadsorption resulted in a notable reduction of inflammatory parameters accompanied by a rapid reduction in vasopressor demand. The clinical course was favourable [53] . Rapid hemodynamic stabilization was also reported in a 33-year-old patient with severe sepsis-related cardiogenic shock and ARDS caused by Staphylococcus aureus and H1N1 pneumonia. As she was still unstable on dobutamine, norepinephrine and vasopressin, she received a combination of VA-ECMO and hemoadsorption, which resulted in rapid stabilization and finally recovery [54] . In a 65-year-old patient with post-infarction ventricular septal rupture and refractory cardiogenic shock with multiple organ failure on 3 catecholamines, combined treatment with VA-ECMO and CytoSorb ® resulted in hemodynamic stabilization associated with a significant reduction in vasopressors and normalization of metabolic parameters. The patient underwent cardiac surgery, and ECMO weaning was successful, although the patient later died from fungal sepsis [55] . A 46-year-old patient with progressive infective endocarditis and septic shock underwent valve surgery, but weaning off bypass was unsuccessful due to post-cardiotomy cardiogenic shock (PCCS). After initial stabilization on VA-ECMO the patient's status dramatically deteriorated due to secondary septic shock, and 3 different catecholamines had to be given. CytoSorb ® implementation directly into the ECMO circuit was associated with shock control and weaning off catecholamines and ECMO. However, later the patient again developed septic shock and finally died [56] .
The effects of CytoSorb ® treatment might have several underlying mechanisms, and further mechanistic studies are needed to clarify the exact role and benefits of hemoadsorption in specific conditions. However, several very different diseases share common pathways once deterioration occurs, such as capillary leakage, impaired vascular barrier function and vasoplegia, all of which are associated with inflammation. In this context, CytoSorb ® treatment appears to result in improved endothelial integrity, as demonstrated by exposing endothelial cells to serum from a septic patient before and after hemoadsorption [57] . Consistently, reduced leakage is a frequent observation in patients with shock and repeated CytoSorb ® treatment [58] . In 2 patients with intoxication and associated shock, combined VA-ECMO and CytoSorb ® were associated with rapid clinical improvement and finally recovery [5, 43] , which emphasizes the potential of CytoSorb ® to remove excessive doses of several substances.
Indications for CytoSorb ® Treatment
CytoSorb ® is an adjunctive therapy approved for conditions with systemic hyperinflammation, increased levels of bilirubin and/or myoglobin. In critical care, most inflammatory states are associated with progressive clinical deterioration. CytoSorb ® can thus be considered when hyperinflammation is present, and high, or increasing doses of catecholamines, despite guideline-based treatment including volume resuscitation, are necessary or even ineffective. However, cytokine adsorption might already be useful in specific conditions where deterioration predictably and rapidly occurs, that is, in severe acute systemic inflammation but before intractable vasoplegia is present (preemptive use).
Of note, to date there is no rationale to use CytoSorb ® in conditions with elevated inflammatory markers, but without any clinical correlates or without an increased risk of deterioration. For example, a patient with bacterial pneumonia and elevated interleukin 6 (IL-6) levels is not an automatic candidate for CytoSorb ® treatment, unless complications such as progressive vasopressor demand, shock or ARDS develop. However, once such a patient shows signs of developing shock or requires ECMO support, CytoSorb ® treatment may be considered early, before end organ failure is established.
To date, hemoadsorption with CytoSorb ® has been successfully performed in a variety of diseases. An overview of potential indications is given in Table 2 . Albeit the listed indications are very heterogenous in nature, they share common biological processes during deterioration and shock, which potentially respond to hemoadsorption with CytoSorb ® . Cut-offs for starting CytoSorb ® are proposed in Table 3 , although these essentially depend on the indication, and have not been rigorously tested in clinical studies, but are based on personal experience and available retrospective data.
CytoSorb
® : Principles of Application
The CytoSorb ® adsorber can be integrated as an "addon" into various extracorporeal circuits including cardiopulmonary bypass, ECMO/extracorporeal life support, intermittent haemodialysis or CRRT. As an alternative, it can also be used in a "standalone" hemoperfusion mode, which is especially useful in patients who are candidates for CytoSorb ® , but do not yet need renal replacement therapy (RRT) [59] or ECMO support.
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Importantly, the decision for or against CytoSorb ® should be made independent of the indication and start of CRRT or other extracorporeal therapies. CytoSorb ® treatment should be considered complementary and autonomous, since RRT typically removes water-soluble and CytoSorb ® water-insoluble substances, respectively. In selected cases, CytoSorb ® may even be used with the intention to avoid CRRT, for example, in patients with rhabdomyolysis for preventing myoglobin-associated renal failure [60] .
Like most other extracorporeal devices CytoSorb ® requires anticoagulation. Anticoagulation should be maintained at the level required for the extracorporeal circulation in which CytoSorb ® is integrated. To date heparin, citrate and argatroban have all been successfully used with CytoSorb ® . For anticoagulation with heparin, ACT values around 160 s or aPTT values around 60 s are usually sufficient. Although clotting of the adsorber is very rare, blood flow should not fall below 150 mL/min, since these rare clotting events occurred in settings with insufficient blood flow through the device [33] . When integrated into a CRRT system with regional citrate anticoagulation, default settings can be used and additional anticoagulation is not necessary [32] .
For the most common indication of hyperinflammation-associated shock, the primary therapeutic goal of CytoSorb ® treatment is shock control and reduction in catecholamine dosages, with the intention of preventing or limiting organ failure. In patients with rhabdomyolysis, the therapeutic goal is reduction of myoglobin levels for protecting kidney function [61] . In acute liver failure, such as toxic hepatitis, the main therapeutic goal is the removal of bilirubin, ammonia and other toxic agents such as bile acids.
Therapeutic efficacy should be assessed on the basis of the clinical course (vasopressor requirements, urine output, hemodynamics) as well as laboratory surrogates (lactate clearance, metabolic status including pH, or IL-6 levels if available). If therapy is continued, a new adsorber should be used -the latest after 24 h to ensure optimal adsorption efficacy [32] . If clinical deterioration occurs during adsorption, an adsorber change may be considered [62] , since saturation of the adsorber may have occurred due to high blood levels of target molecules.
Technical Integration of CytoSorb
® into the ECMO Circuit
The CytoSorb ® device requires an extracorporeal circuit for pumping blood through the adsorber (hemoperfusion). To date CytoSorb ® is most frequently integrated into CRRT circuits, either before or after the hemofilter, depending on the platform used. It is advisable to place the adsorber in the pre-filter position, as the higher extracellular volume before the filter appears advantageous for hemoperfusion. Once CytoSorb ® is considered in a patient on ECMO support, it is most meaningful to install the adsorber directly into the circuit. This can easily be accomplished with a dedicated tubing set provided Consistently increased myoglobin >10,000 U/L, especially when no additional indication for hemodialysis is present Indication: hyperbilirubinemia Consistently increased bilirubin >200 µmol/L General: if decision is made for Cytosorb ® , therapy should be started as early as possible by the manufacturer, without requirement of additional machines. To ensure an appropriate blood flow, CytoSorb ® has to be connected in parallel (not in series) to the circuit: Connection of the inlet to the high pressure site (post-rotor; Fig. 2a ) and of the outlet to the low pressure site (pre-rotor; Fig. 2a ) with the manufacturers tubing set results in adsorber flow rates of 400-700 mL/min with normal ECMO flow rates (3-5 L/min). Of note, this configuration establishes a "left-to-right"-shunt in the ECMO circuit, which increases the total ECMO flow at a given rotor speed (Fig. 2b) : A total ECMO flow of 4.7 L/min then consists of a 0.6-0.7 L/min shunt flow to the CytoSorb ® and 4.0-4.1 L/min flow to the patient, which has to be considered for clinical management. Compared to serial connection in hemoperfusion or CRRT circuits, the parallel connection of CytoSorb ® to the ECMO results in a moderate recirculation volume, that is, blood that has already passed the adsorber enters it again after passing the rotor. Although unlikely, it is currently unknown whether this recirculation has clinical relevance in terms of adsorption efficacy.
When Should I Start CytoSorb ® and for How Long Should I Get Treated?
Several reports suggest that early initiation of treatment is beneficial, at best within 24 h after onset of injury [51, 62, 63] . Of note, providing guideline-based standard therapies for a given condition has absolute priority in clinical management. CytoSorb ® treatment should always be considered complementary and adjunctive in this context.
If a patient has not yet received CytoSorb ® , but there is inadequate response to standard therapy after an observation period of a maximum of 6 h, clinical and laboratory re-evaluation should be performed to consider CytoSorb ® treatment. However, in selected cases, it might be reasonable to start CytoSorb ® treatment immediately and in parallel to standard therapy, for example, in patients with fulminant septic shock. Moreover, in clinical conditions with severe acute systemic inflammation, which commonly deteriorate into a shock state with vasoplegia, preventive use of CytoSorb ® to avoid shock development may be considered. In general, initiation of CytoSorb ® therapy later than 48 h after the onset of systemic hyperinflammation is associated with a lower chance of success [62] .
The decision to stop CytoSorb ® treatment has to be made on a very individual basis. There are patients who adequately respond to the use of a single adsorber, for example, in intoxication [43] or when oral anticoagulation (e.g., ticagrelor, rivaroxaban) has to be terminated prior to surgery, or in cases of bleeding [42] . However, if the source of systemic inflammation persists, several consecutive adsorbers may be necessary.
CytoSorb ® treatment may be discontinued or stopped using different surrogate events:
• If sufficient clinical stabilization has occurred (efficacy)
• If the toxic agent has been reduced to non-toxic levels in the patient (efficacy) • If the clinical situation has deteriorated to a level that renders further hemoadsorption useless (futility)
Prototypical Scenarios
In line with the available literature and our personal experience, we hereby propose candidate settings for hemoadsorption with CytoSorb ® on ECMO support. Albeit these candidate settings appear prototypically suitable, there are no prospective randomized controlled trials confirming efficacy of CytoSorb ® treatment in this context.
ECPR. Due to the still disappointing results from conventional cardiopulmonary resuscitation (CPR) in patients with out-of-hospital cardiac arrest, the use of VA-ECMO for CPR is rapidly growing [64] , especially for younger patients. To date ECMO is usually inserted after arrival at the hospital, but some centres have started to establish preclinical use of ECMO [65, 66] . ECMO is also the commonly used support device for profound shock after successful CPR. Considering the frequently observed refractory shock after CPR (post-resuscitation syndrome) [67, 68] , the strong association of inflammation and prognosis in resuscitated patients [11, 69] , and the opportunity to intervene very early after onset of injury, ECPR appears to be a good candidate for hemoadsorption.
ARDS. In patients with severe ARDS veno-venous ECMO (VV-ECMO) is frequently used to establish lungprotective ventilation [70] , although there is some debate on timing and patient selection [71] . In contrast to sepsis, where the start of injury can often not be well determined, the evolution of ARDS is quickly noticed through its symptoms or ventilation parameters. Hyperinflammation is a common phenomenon in ARDS, especially in those who are on ECMO support, but steroids are ineffective and potentially associated with adverse effects [72] . Therefore, a severe or progressive inflammatory state during ARDS on ECMO support appears to be a good setting for hemoadsorption [58] , at least in those with vasopressor demand.
Secondary sepsis on ECMO. Clinical stabilization after initiation of ECMO support is commonly observed in the majority of patients across different underlying conditions. While VA-ECMO rapidly and directly improves hemodynamics and end organ perfusion, VV-ECMO enhances gas exchange. However, an indirect effect on hemodynamics and catecholamine demand is observed also in most patients on VV-ECMO, likely resulting from resolution of hypoxemia and acidosis. The duration of ECMO support sometimes needs to be extended even after resolution of the underlying disease due to secondary complications. One such adverse event is secondary sepsis on ECMO [73] . Secondary sepsis may have different foci, but typically results in often rapidly worsening hemodynamics and increased catecholamine demand, all of which are again characterized by systemic inflammation. Therefore, it appears useful to monitor sensitive laboratory markers such as IL-6 during ECMO support, which may indicate a developing sepsis early. Hemoadsorption can be considered once a notable increase in these markers and worsening hemodynamics occur, or if sepsis and systemic hyperinflammation are anticipated, such as in cardiac surgery for infective endocarditis [56, 74] .
PCCS. After urgent as well as elective cardiac surgery a special kind of shock may occur which is known as PCCS. This shock form is not typically driven by infection, but rather by a response of the body to surgical trauma, bleeding and cardiopulmonary bypass. PCCS may already occur in the operating theatre with difficulty in weaning off cardiopulmonary bypass, or early during the postoperative course in the ICU. Despite the use of currently available pharmaceutical and mechanical support strategies for PCCS, which is frequently VA-ECMO, mortality remains high [75, 76] . Most cases of PCCS, especially those requiring ECMO, are characterized by a severe systemic inflammatory response and high catecholamine demand. Thus, PCCS on ECMO appears to be a potential candidate for early hemoadsorption use [56] .
Conclusions
Patients on ECMO-/extracorporeal life support frequently encounter a systemic inflammatory response, either associated with the underlying condition, ECMO support or both. CytoSorb ® is a novel device for adsorbing inflammatory and other mediators from the circulation. Dedicated tubing sets facilitate rapid and easy implementation into contemporary ECMO and RRT circuits.
To date, promising data from case series, retrospective studies, a multicentre registry and a few prospective trials suggest safety and efficacy of CytoSorb ® in different clinical conditions including hyperinflammation or intoxications. Although the device is already used with increasing frequency in various settings, prospective controlled studies are needed to confirm its efficacy in different diseases, and to investigate optimal timing for initiation and duration of use, the relevance of drug removal, and finally, effects on morbidity and mortality.
